Abstract: Progress in understanding turbulent combustion requires access to information that is derived from instantaneous 3D images showing the contours of the flame front, the flow field, and other quantities. The experimental effort to acquire such information is typically extraordinarily high and therefore not as widely used as needed. The introduction of commercially available plenoptic cameras now provides a means to simplify some of these measurements as is described in this study. A single 29 mega-pixel plenoptic camera was used to record the Mie scattering signals from volumetrically illuminated fuel sprays. Instantaneous 3D images were acquired from within the cylinder of an optically accessible engine for three automotive fuel injectors of differing nominal spray angles. Current reconstruction algorithms do not yet take translucent imaging conditions into account and therefore a quantitative analysis of the full 3D structure of the sprays was not possible. However, the plenoptic system did prove capable of accurately reconstructing bulk spray features such as spray angles. The 3D spray images were validated with data from a conventional 2D imaging system. This study demonstrates the feasibility of using a single plenoptic camera to view spray geometry in 3D, even from within the challenging in-cylinder engine environment.
Introduction
The need for further and deeper investigations of combustion processes remains a critical research topic, as most of today's energy needs are still met through the use of combustion conversion of fossil fuels. While the conversion efficiencies and cleanliness of combustion devices have dramatically improved over the past few decades, it is recognized that further improvement is necessary. Due to the magnitude of combustion use worldwide, even small gains in combustion performance produce large global benefits [1] . The goal of technical combustion processes is typically to maximize the energy output while minimizing the size of the device and therefore, combustion conditions usually employ turbulent mixing to enhance the spatio-temporal combustion rates. This leads to complicated non-linear couplings between the physical mixing processes and chemical reactions that are neither fully theoretically understood nor experimentally well characterized. Therefore, accurate simulation-based predictions of turbulent combustion are still a challenge, even with high-fidelity direct numerical simulations and peta-scale computing resources [2] .
In particular, when simulations for design purposes are considered, the computational efforts need to be reduced to make it tractable and affordable for time and cost reasons. Large-Eddy-Simulations are therefore very actively pursued as a compromise between computational cost and sufficient fidelity of critical combustion parameters [3, 4] . Supporting the development and validation of simulation efforts requires experimental data and insights based on experimental investigations of canonical and practical combustion systems. The non-linear coupling of physics and chemistry requires that as many quantities as possible should be measured simultaneously because a purely statistical analysis of independently collected data is not sufficient to understand cause-and-effect relationships, e.g. in flame extinction events [5] . Rapid new developments in high-frame rate imaging techniques to simultaneously capture the temporal and spatial evolution of combustion processes are enabling technologies in this context [6, 7] . For example, simultaneously acquired two-dimensional time series of velocity fields and equivalence ratio images have enabled an assessment of combustion instabilities in a gasoline direct-injection engine and the reasons for random and rare misfire and partial burn events are now better understood [8, 9] .
Three-dimensional (spatial) structures are critical to consider in flame experiments to avoid biasing. For example, they must be considered to accurately determine flame front thicknesses or local flame speeds in turbulent flame studies [10] . However, experiments to acquire fully-3D images require extraordinary experi-mental equipment efforts; especially considering the high frame rates required to resolve important time scales.
Early 3D imaging efforts were based on phase-averaged acquisition of twodimensional images and spatially scanning the imaging volume [11, 12] . For example, a laser cluster, a scanning mirror, and a custom-made camera cluster were used to resolve the 3D structures of mixture fields and flames within an engine [13] . Progress towards volumetrically resolved measurements in combustion processes were achieved through a combination of tomographic particle image velocimetry (PIV) [14] and flame front measurements [10, 15] , as well as a single-camera particle tracking technique for small-scale measurements [16] . Recently, fast-scanning setups have enabled the 3D imaging of structures [17, 18] , including those revealed from hydroxyl radicals through laser-induced fluorescence [19, 20] . Common to all these studies is either the usage of multiple cameras or the assembly of quasi-3D images from sequences of images taken successively in various planes by rapidly scanning a laser light sheet across the object. Commercial 3D camera technology is only now emerging, taking lightfield or plenoptic imaging from its concepts to practical applicability [21, 22] ; whereas 3D structures can be captured instantaneously with a single camera even when optical access is limited. These systems require extensive knowledge of the lightfield, or transfer function of the imaging system to mathematically reconstruct a 3D image from recorded camera data. The 3D image information is acquired in an unconventional manner, rather than focusing an object's image onto a camera chip with a single front lens the focus is directed behind a sensor array. A lenslet array that is mounted closely to a largepixel number camera chip is used to then form focused sub images on the sensor array. This provides access to information from a range of observation angles [21] . This allows both 'after-the-shot-refocusing of images' and the creation of a 3D image of the photographed scene [23] [24] [25] . Reconstruction algorithms have been developed for image situations where opaque surfaces ensure a unique solution of the image transformation process. Recent work on imaging flame chemiluminescence and laser-induced fluorescence signals from a gaseous jet have demonstrated the potential of plenoptic imaging systems for scalar measurements in fluid mechanics and combustion research but also highlighted the present limitations in reconstruction algorithms to recognize features that are translucent or volumetric in nature [26] . Furthermore, the introduction of the lenslet array and the small size of the camera pixels results in generally reduced signal intensity. This is especially critical for luminescence measurements where the time resolution is set by the exposure time of the camera, rather than by the duration of the illuminating laser pulse. But of course, a similar reduction in detection efficiency was recognized for laser-based illumination schemes [26] .
The use of a plenoptic camera setup is described for volumetric imaging of liquid fuel sprays in a direct-injection engine. Best combustion and engine performance requires optimized fuel/air mixture preparation. Therefore, the 3D structure of fuel sprays, their evolution in time and space, their break up from liquid jets into droplets, and their mixing processes with the surrounding gases must be understood so that future engine design may be based more soundly upon physics and less upon empiricism. This study demonstrated the use of plenoptic imaging to assess the 3D structure of iso-octane sprays from three eight-hole injectors of differing nominal spray angle. It was shown that even with modest processing steps plenoptic imaging is suitable to enable a quantitative analysis of important spray geometry features.
Experiment
Measurements were conducted in an optical direct-injection engine that was configured for spark-ignited direct-injection operation [27] . Optical access is available via a full quartz liner, pentroof windows in the cylinder head, and through a window in the bottom of the piston. Both a plenoptic (Raytrix R29) and a highspeed CMOS camera (Vision Research Phantom v7.1) were used simultaneously to image the fuel sprays generated by three different commercial eight-hole automotive fuel injectors from the same design line but with different spray angles. The sprays were initiated at ambient, quiescent conditions with the piston being held stationary. The arrangement of the cameras, illumination laser, and other important elements of the experiment are illustrated in the schematic shown in Figure 1 .
A green (527 nm) Nd:YLF laser (Quantronix Darwin Duo) operated at 10 kHz was set to deliver energies of 0.2 mJ/pulse for illumination. The pulse energy is two orders of magnitude lower than what the laser can deliver but was sufficient to generate strong Mie scattering signals from the spray droplets. The natural divergence (beam quality factor M 2 > 20) expanded the laser beam to a diameter of 20 mm where it entered the engine through the side of cylinder liner, and it continued to expand to adequately illuminate the spray volume. Care was taken to minimize reflections to allow recording the Mie scattering signal while avoiding laser reflections off the metallic engine surfaces towards the camera.
The maximum frame rate of 5 Hz of the 29-megapixel CCD plenoptic camera limited the acquisition to one image per injection. The cameras were synchronized with the spray using the engine controller and a time delay generator, while the laser ran independently with a frame rate of 10 kHz. By setting the exposure time to just below 100 μs for the plenoptic camera, it was ensured that signals from only one laser pulse were recorded per camera frame, though the exact timing within that frame could not further be controlled. It is noted that the use of a lower repetition rate, Q-switched laser would easily enable well-matched frequency and timing control; however, such a system was not available. Further; a high speed camera could be used to enable multiple images per injection event, if desired.
Three eight-hole fuel injectors of differing outside spray angles (70
were tested with iso-octane at 12 MPa fuel rail pressure. Both the outer and inner spray angles of the fuel injectors can be seen labeled as and , respectively, in Figure 2 . The injection duration was set to 2 ms and images were recorded at various times after the start of injection. While image sequences within a single spray event could easily be captured with the CMOS camera, the frame rate of the plenoptic camera allowed only a single image per injection. 3D image time series shown below are therefore compiled from images taken in successive tests. The objective was to determine the spray angles of the different injectors from images recorded by both types of cameras. The side view images acquired with the CMOS camera provided a direct and proven comparison to the 3D images that were obtained through the piston window. The "side" perspective provided a good view of both the radial (towards the cylinder walls) and axial (towards the piston) development of the spray, as can be seen in Figure 2 .
The spray angles were visually identified in the Mie scattering images as indicated by the lines in Figure 2 . These angles were then corrected for the rotation of the fuel spray relative to the image using algebraic relations and are reported with an accuracy of ± 3 ∘ in Table 1 . The rotation angle was determined from the images acquired by the plenoptic camera through the piston window. The outer spray angles of all of the injectors measured a few degrees larger than nominal.
The plenoptic camera's field of view can be seen in the raw camera image shown in Figure 3 . This image represent a so-called "re-focused" image view, i.e. the equivalent to a standard 2D image with sufficient depth of focus for the ob- ject of interest. Notice that its perspective provides an unobstructed view of the cylinder head, spark plug electrode, fuel injector tip and valves.
While such a "bottom" perspective provides a complete radial view of the sprays, the spray angle could not be assessed if the images were acquired with a traditional 2D camera. However, the plenoptic images allow determination of the third (axial) dimension and the angles could be determined.
Sprays from all three injectors were imaged with the plenoptic camera and reconstructed in 3D. The data was then post-processed to provide spray angle estimates, which were used to assess the abilities and limitations of the current 3D system. The plenoptic image acquisition and post-processing was performed with a commercial software package (Raytrix RxLive 2.8). The algorithms built into the software were developed for the purpose of reconstructing high contrast, solidbody images in 3D. Since this is the first study to use such software and hardware to image a volumetrically illuminated spray, the pre-and post-processing proce- dures had to be subjectively optimized. It is recognized that the partial translucency may give rise to systematic errors in the depth reconstruction. This has been observed in a previous plenoptic imaging study on the volumetric imaging of a gaseous jet via laser-induced fluorescence and the flame of a soldering torch via natural chemiluminescence [26] . The following image analysis procedures were maintained for all three injector tests. The raw Mie scattering images were pre-processed by increasing their brightness and contrast settings. This accentuated the high contrast features of the spray which improved the fidelity of the 3D reconstruction process [26] . The reconstructive process resulted in a 3D point field containing hundreds of thousands of 3D data points. It is important to note that these data points, shown in the middle panel of Figure 4 , are not expected to represent individual droplets. The colorcoding of the middle and right images in Figure 4 represents the depth information that is derived from the 3D reconstruction. The reconstruction algorithm worked well for the high contrast "edges" of the spray plumes, which can be seen by the increased data point density in these regions. However, fewer data points were reconstructed towards the plume centers, so a depth fill algorithm was used to fill up these coarser spray regions. The final result is a finely populated depth map, and example of which is shown on the right-hand side of Figure 4 .
A spatial calibration procedure was performed to set the scale for all three dimension of the image field. The radial scale (mm/pixel) was determined by acquiring and interpreting a flat target image with spatial markers at known distances. The axial (depth, color-coded in the images shown) scale was determined within an accuracy of ± 2% by stepwise traversing of a target through the camera's depth of field. For each target position, the relative axial position in the reconstructed image was determined, defined by the location of best focus. Alternatively, an image of a ruler angled at e.g. 45 ∘ relative to the camera, such as shown in Figure 5 , could be used to verify the depth calibration. Notice that the color scale, which is kept consistent throughout this study, traverses the expected axial range of about 22 mm, when adjusted for the ruler's angle.
The spray angles of the plenoptic spray images were then triangulated for each individual fuel jet based upon the jets' radial and axial displacements beyond the injector tip. The location of interrogation for the angle measurements was chosen to be at the center of the leading edge of each spray plume. The jet penetration in this region was largest resulting in the smallest measurement error.
Results and discussion
Spray development sequences for all three fuel injectors are shown in Figure 6 . The first image of each sequence was taken shortly after the start of injection (SOI) and the final image about 200 μs later. The images were selected for illustration purposes here and when examining the times after start of injection listed in Figure 6 , it should be recognized that there is uncertainty in the timing of the images on the same order as the exposure length since the laser (10 kHz) and the plenoptic camera were not phase-locked. Since the purpose of the present study was to demonstrate the ability of a plenoptic imaging arrangement to give access to quantitative 3D information of the spray geometry the 100 μs exposure timing was acceptable. The observed asymmetry in spray penetration, apparent for all three injectors, is expected and is caused by a 10 ∘ tilt of the fuel spray relative to the camera's lineof-site. The engine has been built with this off-axis injector targeting in order to direct the spray closer to the spark plug for stratified-charge engine operation. The differences in spray angles between the injectors can be easily recognized by visually comparing the three image sequences. The 70 ∘ injector always shows the largest, and the 90 ∘ injector the smallest axial (depth) penetration during frames of equal radial spray penetration, indicative of the spray angle differences depth, a trend that is verified in Figure 2 . The spray angle measurements acquired from the final images in Figure 6 are listed in Table 1 . Ten spray angle measurements were made within the RxLive 2.8 software for each jet pair. The standard deviation of the measurements ranged between 2-3 ∘ , depending on the jet. For comparison, the outer and inner angles determined from the planar side view images are also shown in Table 1 .
Notice that the spray angle measured with the plenoptic camera for all three injectors was between the inner and outer spray angles measured with the side view CMOS camera. This can be attributed to the volumetric nature of the plenoptic imaging technique. The 3D point field generated by the reconstruction process contained hundreds of thousands of points that are located throughout internal and external regions of the fuel spray. Therefore, the depth map represents a weighted average of data point locations throughout the cameras line-of-site, not any single surface. This weighted average location is consistent with the resulting central spray angle measurement, though the weighting function and the data point distribution are of course, unknown. The relative difference in spray angle (10 ∘ ) between the three injectors, though, was quantified within the experimental precision of the measurements. Plenoptic imaging can be used to recognize the relative differences between injectors of differing spray angles in single-shot exposure images. It is promising that plenoptic imaging provided a reasonable estimate of spray angle. It suggests that most of the points located by the technique did occur within the spray itself and that the effect of erroneous points was minimal. It also demonstrates that the technique is able to locate the bulk spray with good accuracy.
The 3D reconstruction algorithm was more successful at locating spray droplets towards the jet edges (as viewed from cameras perspective) than from the jet core. This can be recognized by the coarseness of the jet center data points relative to the edges in the "depth point map" image in Figure 4 . It is not surprising that the imaging system was more successful at identifying the jet edges than the core being that the jet edges features are thin (point source like) and high contrast, as the reconstructive algorithm has been designed to recognize, whereas the core is thick (volumetric) and low contrast. This technique would benefit greatly from the development of reconstructive algorithms that are designed for volumetric imaging applications.
Conclusions
The application of a plenoptic imaging system to spray analysis was demonstrated for volumetric spray illumination with a pulsed laser. The plenoptic measurements were benchmarked with conventional baseline measurements using planar recording of Mie scattering signals. The successful quantitative determination of the 3D-angles of fuel sprays from three automotive fuel injectors of differing spray angles was described. The 3D plenoptic system proved its utility and was able to quantify the relative differences in spray angle between the injectors. Comparison of spray angles determined from side view images with a standard CMOS camera showed good agreement with the angles determined from the 3D reconstructed plenoptic images within the precision limits of the measurements ± 3 ∘ . While it is recognized that the available reconstruction algorithms are not designed to resolve the structure of translucent objects, such as a fuel spray away from the initial dense core region, the analysis performed here demonstrates that useful results can be obtained. However, for more robust analysis, future efforts need to be placed towards the development of plenoptic reconstruction algorithms that include treatment of translucent objects.
